Background: The recently diagnosed leukodystrophy Hypomyelination with Brain
Mutations in cytosolic ARSs (denoted by their single letter amino acid), as well as in some of the mitochondrial ARSs (Scheper et al., 2007; Steenweg et al., 2012) , are predominantly associated with defects of the peripheral and central nervous system with white matter abnormalities as a common feature (Antonellis and Green, 2008; Yao and Fox, 2013) . The broad spectrum of neurogenic disorders comprises
Charcot-Marie-Tooth neuropathies (GARS, YARS, AARS, and KARS) (Yao and Fox, 2013) , inherited peripheral neuropathies (HARS) (Safka Brozkova et al., 2015) , spinal muscular atrophy (GARS) (Antonellis et al., 2003) , nonsyndromic hearing loss (KARS) (Santos-Cortez et al., 2013) , cerebral-cerebellar atrophy (QARS) (Zhang et al., 2014) , and hypomyelination (RARS) (Wolf et al., 2014) .
The DARS gene encodes the cytoplasmic aspartyl-tRNA synthetase, which functions as a dimer and consists of an N-terminal anticodon recognition domain and a Cterminal catalytic domain. Homozygous as well as compound heterozygous point mutations of the DARS gene that confer non-synonymous amino-acid substitutions to highly conserved residues in the catalytic domain cause the white matter disorder Hypomyelination with Brain stem and Spinal cord involvement and Leg spasticity (HBSL) (Taft et al., 2013; Wolf et al., 2015) . HBSL belongs to a group of debilitating rare diseases, termed childhood leukodystrophies. These inherited myelin diseases are associated with substantial morbidity and mortality in children with a population incidence of 1 in 7,600 live births (Bonkowsky et al., 2010) . Most HBSL patients
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RESULTS
Characteristic Dars expression pattern in mice
Given the lack of knowledge of the regulation of Dars expression and to advance the understanding of HBSL, we characterized the endogenous Dars expression broadly in the organs of wildtype mice and in the CNS in particular. Comparing DARS protein levels using Western-blotting revealed the strongest expression in tissue derived from peripheral organs such as lung, kidney, and liver ( Fig. 1A and B) . In the CNS, DARS protein levels varied significantly between regions (P = 0.008; one way repeated measures ANOVA) with the highest expression in the cerebellum followed by the brainstem, hippocampus, rest of brain (comprising subcortical regions including thalamus and basal ganglia), and spinal cord. At the mRNA level Dars expression was enriched in the peripheral tissue of the heart, lung, kidney, liver, muscle, and sciatic nerve (Fig. 1C) . In the CNS, the mRNA levels differed significantly between regions (P = 0.007; one way repeated measures ANOVA) with the highest expression in the cerebellum followed by the hippocampus, rest of brain, brainstem, spinal cord, and cortex. Consistently, in situ hybridization of Dars mRNA revealed a strong enrichment in the granular layer of the hippocampus and the cerebellum, as well as in certain areas of the cortex ( Fig. 1D ; images extracted from the Allen Mouse Brain Atlas (http://mouse.brain-map.org/)). Immunohistochemistry of DARS protein in coronal brain sections showed a strong enrichment in the granular layer of the hippocampus and the cerebellum as well as in certain cells of the cortex, the thalamus, and the brainstem (Fig. 1E) . Only a few weak expressing cells were present in the white matter of the corpus callosum (E1) and striatum (E2).
Cell type-specific Dars expression in the CNS
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To further discriminate which cells express Dars in the CNS we co-labeled mouse brain sections with antibodies for DARS as well as the cell type specific markers NeuN (neurons), GstPi (oligodendrocytes), and GFAP (astrocytes) (Fig. 2) . DARS protein is expressed in the cytoplasm of most neurons ( Fig. 2A,D ,G) and a fraction of oligodendrocytes ( Fig. 2B ,E,H). We did not detect DARS immunoreactivity in GFAP positive astrocytes (Fig. 2C,F,I ). Interestingly, DARS seems to be enriched in certain neuronal subpopulations in the CA2 region of the hippocampus ( Fig. 2A ) and in the cortical layers IV and V ( Fig. 2D and Fig. 1D ,E).
Analyses of primary hippocampal neurons revealed DARS co-localization with the ribosomal protein S6 (Fig. 3A) , indicating that components of the translation machinery are located within the same subcellular compartment. Co-labeling hippocampal neurons with the presynaptic marker synaptophysin and the filamentous actin marker phalloidin, which is indicative of the postsynaptic compartment, revealed the presence of DARS along neurites as well as at synapses in vitro (Fig. 3B) . To validate the synaptic localization of DARS in vivo we prepared synaptosomes comprising of both the pre-and postsynaptic compartment as well as enriched postsynaptic density fractions from 7 month old C57BL/6J mice, and analyzed them by immunoblotting using antibodies specific for DARS, synaptophysin (presynaptic marker), PSD95 (postsynaptic marker), and actin. We were able to detect DARS in synaptosomes as well as in the postsynaptic density fraction, confirming the localization of DARS in vivo at the synapse, and its presence at the postsynaptic specialization (Fig. 3C ).
Homozygous Dars deletion is embryonically lethal
To date there is no animal model for HBSL available. In order to establish a mouse model for HBSL we characterized Dars knock-out mice obtained from the Center for Animal Resources and Development (CARD) at Kumamoto University in Japan.
Targeting of the Dars locus was achieved using the pU-17 gene trap vector containing a splicing acceptor with three stop codons in frame with a β-gal/neomycinresistance fusion gene (Taniwaki et al., 2005) . We performed primer walking using genomic DNA from heterozygous Dars null carrier mice and found that the gene trap cassette had integrated into intron 4 of the Dars locus (Fig. 4A) (Fig. 4B) . To determine at which stage lethality occurs we setup heterozygous timed mated breeding pairs and terminated the pregnancy for examination of the embryos. At embryonic day 11 and 14 we found degenerated embryos in utero (Fig. 4C ) that were homozygous Dars null mutants (Fig. 4D ), yet the underdeveloped state of these embryos precluded further analyses.
We therefore focused on phenotyping Dars +/-mice in more detail. Dars mRNA levels in adult heterozygous Dars +/-mice assessed by primers specific for exon 13-14 boundary revealed a reduction of about 50 % compared with wildtype littermates (Fig. 4E ). In comparison, in 11-day-old Dars -/-embryos Dars mRNA was virtually absent, except some residual signal due to contaminating maternal mRNA (Fig. 4F) .
A C C E P T E D M A N U S C R I P T and Fig. S1D ,E). This was confirmed semi-quantitatively by immunohistochemistry (Fig. 5F ,G). We hypothesized that the robust reduction of DARS protein throughout all tissues might lead to morphological abnormalities and behavioral deficits.
Therefore, we subjected Dars +/-mice to a comprehensive phenotypical analysis.
Normal CNS morphology and myelination in Dars +/-mice
HBSL patients show severe hypomyelination of the supratentorial white matter, the cerebellar peduncles, the anterior brainstem, and the dorsal columns of the spinal cord (Taft et al., 2013; Wolf et al., 2015) . Therefore, we analyzed the general morphology and myelination of the brain and spinal cord in Dars +/-mice. Luxol fast blue-stained coronal sections of brain and spinal cord showed no structural abnormalities or signs of hypomyelination (Fig. 6A,B 
Impaired attentional processing in Dars +/-mice
To test for more subtle behavioral changes we assessed the acoustic startle response (ASR) and the pre-pulse inhibition (PPI) of Dars +/-mice. PPI is a measurement of sensorimotor gating mechanisms and an impaired PPI indicates deficits in attentional processing (Koch, 1999) . First, we measured the ASR of Dars +/-mice and observed no differences compared to wildtype littermates following exposure to 40 ms white noise pulses with increasing intensities ranging from 60-120 dB ( Fig. 9A ). PPI was determined by applying a 20 ms pre-pulse of 72, 76, or 80 dB 100 ms before the 120 dB startle pulse. This pre-pulse inhibited the ASR in both genotypes ( Fig. 9B ). In Dars +/-mice, however, this PPI was significantly reduced by about 20 % indicating that their sensorimotor gating mechanisms are disturbed resulting in impaired attentional processing.
DISCUSSION
In this study, we demonstrate that the expression of the DARS aminoacyl-tRNA synthetase, a protein essential for protein synthesis in all cells, is differentially regulated across different tissues and cell types. In the CNS we observed the strongest expression in neurons of the hippocampus, cerebellum, and cortex where it co-labeled with components of the translation machinery. Surprisingly, we were not able to detect DARS in astrocytes of the adult mouse brain and oligodendrocytes
show only weak DARS immunoreactivity compared to neurons. Expression levels in these cell types might be higher during early stages of development or during repair processes after brain injury, when there is a high need for newly synthesized protein.
Interestingly, in addition to its somatic localization we were able to detect DARS along neuronal processes as well as at synapses indicating a putative role in local translation. Local protein synthesis has several advantages over the transport of preexisting proteins, e.g. the translationally silent storage of mRNAs, which can be used for on-demand synthesis of multiple copies of a protein and the directed transport of mRNAs to subcellular localizations using target information in their untranslated region (UTR) (Jung et al., 2012) . Besides the mRNA, the entire translational machinery has to be present for the de novo synthesis of a protein far away from the cell body. While local mRNA translation in dendritic spines mediating synaptic plasticity in response to extrinsic signals is well accepted (Fernandez-Moya et al., 2014; Liu-Yesucevitz et al., 2011) , the role of local protein synthesis in axons has only recently emerged (Jung et al., 2012; Piper and Holt, 2004) . It has been shown previously that ribosomal RNA, mRNA, as well as entire ribosomes are present in dendrites (Fernandez-Moya et al., 2014) and axons (Jung et al., 2012) including the synapses. Here we reveal that DARS is also a key component for translation at the
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14 synapse, as DARS-dependent charging of tRNAs is crucial for (local) protein synthesis. Dysregulation of local translation can cause neurodegenerative disorders such as spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), spinocerebellar ataxia (Jung et al., 2012; Liu-Yesucevitz et al., 2011) , and might also contribute to HBSL pathology.
Although DARS is obligatorily expressed in all cell types, HBSL patients display a distinct pattern of hypomyelination. Here, we demonstrated that oligodendrocytes, the myelin-forming cells of the CNS, have weak DARS immunoreactivity compared to neurons. Oligodendrocytes produce a vast amount of plasma membrane during the myelination process. The mean surface area of myelin per mature oligodendrocyte is thousands of times larger than the surface area of a typical mammalian cell (Lin and Popko, 2009; Pfeiffer et al., 1993) . Therefore, oligodendrocytes have to produce an enormous amount of myelin proteins (roughly 10 5 myelin protein molecules per minute (Pfeiffer et al., 1993) ), making these cells particularly susceptible to disruptions of protein synthesis. DARS deficiency could either lead to a general reduction in protein synthesis or permit translational errors by accepting wrong tRNAs or amino acids, resulting in unfolded or misfolded proteins. Accumulation of misfolded proteins in turn can cause endoplasmic reticulum (ER) stress leading to the activation of the unfolded protein response (UPR) (Lin and Popko, 2009) . If the stress is prolonged or the UPR fails to cope with the ER-stress, apoptosis is triggered and the defective cells are eliminated (Faitova et al., 2006; Szegezdi et al., 2006) . It is becoming increasingly apparent that ER stress and ER stress-induced apoptosis plays an important role in myelin diseases including multiple sclerosis, PelizaeusMerzbacher disease, vanishing white matter disease, and Charcot-Marie-Tooth disease (Lin and Popko, 2009 ). Consistently, Charcot-Marie-Tooth neuropathies can
also be caused by mutations of other aminoacyl-tRNA synthetases such as GARS, YARS, AARS, and KARS (Yao and Fox, 2013) . Although beyond the scope of this study, it seems possible that for HBSL, ER-stress caused by mutated DARS might also essentially contribute to disease progression.
For a better understanding of HBSL and the development of novel therapeutic strategies we sought to establish Dars-null mice as a model for HBSL. The embryonic lethality of Dars-null mice, although underscoring the importance of the DARS aminoacyl-tRNA synthetase, precludes their use as a new transgenic mouse model. DARS is evolutionarily highly conserved and it has been shown previously that deletions of the Drosophila ortholog Aats-asp (Stitzinger et al., 1999) and the S.
cerevisiae ortholog DPS1 (Cavarelli et al., 1994) are not viable. All known DARS mutations causing HBSL in humans are point mutations located within the catalytic domain of the enzyme conferring non-synonymous amino-acid substitutions to highly conserved residues. Accordingly, our data suggests that the identified missense mutations triggering HBSL do not represent a complete loss-of-function and rather render the mutated DARS proteins functionally impaired with some residual activity.
However, we cannot formally exclude that missense mutations might cause some gain-of-function effects by affecting putative non-canonical DARS functions.
Interestingly, mutations of the mitochondrial homolog DARS2 cause the leukodystrophy LBSL with striking resemblance to HBSL (Scheper et al., 2007) , suggesting that both diseases might share a common etiology. However, the activity of both enzymes appears to be restricted to their specific subcellular compartment with no functional redundancy as both Dars-null (this study) and Dars2-null (Dogan et al., 2014) mice are embryonically lethal.
A C C E P T E D M A N U S C R I P T In Dars heterozygous mice we did observe an impairment of the sensorimotor gating mechanism indicating impaired attentional processing (Koch, 1999) . The ASR is mediated by the auditory nerve, the ventral cochlear nucleus, the dorsal nucleus of the lateral lemniscus, the caudal pontine reticular nucleus, spinal interneurons, and spinal motor neurons (Davis et al., 1982) . In contrast, PPI of the ASR is regulated by a complex interplay of fore-and midbrain areas including the nucleus accumbens, the ventral tegmental area, the hippocampus, and the prefrontal cortex (Koch, 1999) . Cell culture. Primary mouse cortical and hippocampal neurons were prepared as previously described (Fath et al., 2009) . Briefly, E16.5 embryos were harvested from C57Bl6 mice and hippocampi and cerebral cortices dissected. After enzymatic digestion and sequential titration, dissociated cultures were plated at a density of 5K with a co-culture ring of 150K cortical neurons on PDL-coated 12 mm coverslips.
Cells were maintained in neurobasal media supplemented with 2 % B27 and 2 mM Glutamax (Life Technologies, VIC, Australia) at 37 °C and 5 % CO 2 . Synaptosome preparation. The synaptic plasma membranes were prepared from frozen mouse brains according to procedures of Monahan and Michel, (1987) (Monahan and Michel, 1987) . In brief, whole brains from 7-month old wildtype C57BL/6J mice were homogenized with 6 volumes of buffer A (0.1 mM EDTA, 0.1 mM EGTA, 0.25 mM phenylmethylsulfonyl fluoride and 1 mM HEPES at pH 7.4) containing 0.32 M sucrose. The homogenate was centrifuged twice at 1000 g for 7
min. An aliquot from the combined supernatants was saved as the brain homogenate and the rest was centrifuged at 38900 g for 45 min. The pellet was resuspended in 2 volumes of 2 mM Tris-acetate at pH 8.0 and applied on top of buffer A containing 1.2 M sucrose. After centrifugation at 230000 g for 45 min, the interface was collected and applied on top of a layer of buffer A containing 0.9 M sucrose. After centrifugation at 230000 g for 45 min, the pellet contains the synaptic plasma membrane fraction. Synaptic junctions (synaptosomes) were isolated according to procedures of Chang et al., (1991) (Chang et al., 1991) . Synaptic plasma Behavioral testing. Mutants and wildtype controls used in this study were matched for age and sex. The rotarod test was performed as described (Mersmann et al., 2011) . The elevated plus maze (EPM) was performed as described (Harasta et al., 2015) . For the forced swim test mice were placed in a glass beaker half-filled with 25 ºC warm water. In a 4 min trial the immobility time was determined as the time the mouse just floats on the surface with no active swim movement.
Gait analysis was performed using the DigiGait Imaging System (Mouse Specifics, Inc., Framingham, MA, USA), which provides an automated analysis of spatial and temporal gait parameters. Briefly, mice were placed onto a transparent treadmill with a high-speed digital camera mounted underneath. The speed of the treadmill was set to 20 cm/s. Several seconds of video were recorded and analyzed by the software to yield measures of spatial and temporal gait parameters for each limb.
The acoustic startle response and pre-pulse inhibition (PPI) was determined using the SR-LAB Startle Response System (San Diego Instruments, San Diego, USA) as described previously (Schneider et al., 2007) . To determine the acoustic startle
response, mice were exposed to white noise pulses with increasing intensities (60-120 dB for 40 ms). The cylindrical animal enclosure monitors animal movements including the startle response with a closely coupled accelerometer sensor. PPI was determined in different trials applying 20 ms pre-pulses of 72, 76, or 80 dB for 100 ms before the 120 dB startle stimulus as described previously (Schneider et al., 2007) . Each trial was repeated 10 times and presented in a pseudorandom order.
PPI was calculated as the percent decrease of the acoustic startle amplitude in trials when the startle stimulus was preceded by a pre-pulse.
Magnetic resonance imaging (MRI).
Prior to all in vivo MR imaging procedures, general anesthesia was induced in an induction chamber with 4 % isoflurane in oxygen (1 l/min). Animals were then transferred to the scanner animal bed and received 2-2.5 % isoflurane at 0.8 l/min oxygen flow rate through a nose cone to maintain anesthesia during the scanning procedure. Respiratory motion was monitored during the imaging procedures using a pressure sensitive pad. Animal body temperature was maintained at 36 °C by a temperature controlled circulating water warming blanket. In vivo imaging was performed on a 9.4T Bruker (Ettlingen, Immunoperoxidase labeling using Diaminobenzidine (DAB) substrate was performed on coronal sections incubated with biotin conjugated goat anti-rabbit secondary antibody (1:250; no. 111-065-003, Jackson ImmunoResearch, PA, USA).
Subsequently, sections were stained using the DAB substrate kit for peroxidase (Vector Laboratories, Burlingame, CA, USA, no. SK-4100) according to the manual.
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Haematoxylin & Eosin (H&E) and Luxol Fast Blue (LFB) staining. Mice were deeply anesthetized with a pentobarbital overdose and transcardially perfused with phosphate buffered saline (PBS), followed by 10 % Neutral buffered formalin (NBF; Sigma). The brains were isolated and post-fixed for 48 h in NBF. Brains were processed on a Sakura VIP6 Auto processor followed by embedding in paraffin using a Sakura Tissue-Tek embedder. Tissues were sectioned at 5 µm (Zeiss Hydrax M40) and stained on a Leica Auto Stainer CV5030 using Harris haematoxylin and 1 % alcoholic Eosin. LFB staining was performed on brain sections using the Kluver and Barrera method (Kluver and Barrera, 1953) . Briefly, paraffin sections were dewaxed were applied. Membranes were developed using Clarity Western ECL substrate (BioRad no. 170-5060) and imaged using the GelDoc system (BioRad).
RNA isolation and qRT-PCR.
Animals were euthanized at 6 months, brain and organs dissected, and snap frozen. The tissue was then homogenized under liquid nitrogen using mortar and pestle. RNA was extracted following the manufacturer's instructions (RNeasy MiniKit, Qiagen no. 74106). DNase treatment was performed using on-column DNase digestion (RNase-Free DNase Set, Qiagen no. 79254) and RNA was eluted in 30 l RNase free water. Following determination of RNA content, integrity and purity using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific), cDNA was synthesized from 500 ng total RNA using the High Capacity The comparative CT method (CT) for relative quantification of expression was used. Data obtained was normalized to the housekeeping gene Hprt.
Statistics. Graphs and statistical analyses were performed with the GraphPad Prism 
